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Abstract
A strong earthquake hit eastern Japan on March 
11th, 2011. It triggered a huge tsunami that damaged 
not only houses, but also farmlands. There are several 
types of interactions between the tsunami and the 
farmlands. If there was a muddy (sometimes con-
tains sulfidic materials) and/or sandy deposit under 
the shallow seawater or in the nearshore zone, it was 
transported inland. There are narrowly eroded places 
along a road and a ridge where the tsunami dropped 
from these micro-high sites. Moreover, the A
p
 horizon 
soil was at least partly lost. Thus, the deposits on the 
farmlands are mixtures of the eroded A
p
 horizon soil 
and transported materials from the nearshore zone. 
The chemical interactions include the exchange reac-
tion between the Na+ in the seawater and exchange-
able cations in the A
p
 horizon soil, and precipitation 
of gypsum (CaSO
4
·2H
2
O) as well as halite (NaCl) 
when the soils dry. The debris of at least various ma-
terials and halite must be removed to restore the dam-
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aged farmlands.
Introduction
A 9.0 magnitude earthquake hit eastern Japan on 
March 11th, 2011. It triggered a huge tsunami, and 
the farmland areas damaged by the tsunami are sum-
marized in Table 1. The Miyagi prefecture was very 
extensively damaged. The tsunami penetrated up to 
several kilometers inland from the Miyagi prefecture 
coastline. The damaged farmlands were mainly the 
paddy ﬁ elds (Table 1).
One paddy field soil was sampled at Arahama on 
March 25th, 2011, two weeks after the tsunami event. 
The soil survey and analytical data are presented 
focusing on the impact of the tsunami on the paddy 
ﬁ eld soil. A wide area covering almost all the farm-
lands on the Pacific coast of the Miyagi Prefecture 
was then surveyed from May 11th to 19th, 2011. The 
preliminary summary of these surveys is described. 
Results of survey by the UNESCO-IOC team are 
Prefecture
Farmland
(2010)
ha
 Area damaged by Tsunami
ha %
Paddy ﬁ eld Upland
ha ha
Aomori 156,800 79 0.1 76 3
Iwate 153,900 1.838 1.2 1,172 666
Miyagi 136,300 15,002 11.0 12,685 2,317
Fukushima 149,900 5,923 4.0 5,588 335
Ibaraki 175,200 531 0.3 525 6
Chiba 128,800 227 0.2 105 122
Total 900,900 23,600 2.6 20,151 3,449
Ministry of Agriculture, Forestry and Fishery (March, 2011)
Table 1.  Estimated area damaged by Tsunami (March 11th, 2011).
4available on the internet (Sugawara et al., 2011). This 
area has been repeatedly hit by a huge tsunami ac-
cording to geological records (Minoura et al., 2001; 
Sawai et al., 2006).
Materials and methods
One point survey on March 25th, 2011
 A study site was set up at Ipponsugi-Minami 
49-50, Arahama, Wakabayashi-ku, Sendai, Miyagi 
Prefecture, Japan. After examining several points, a 
micro pedon was sampled from a paddy rice ﬁ eld on 
a roadside because rice stubbles were present which 
allowed us to identify the position of the original 
plow layer soil (Fig. 1). Five soil horizons were col-
lected including a thin, newly-introduced layer on the 
soil surface. After determining the water content of 
each sample, a 1:5 water suspension (the weight of 
pure water was adjusted to be 5 times the oven-dried 
weight of each soil sample) of the field-moist soil 
sample was obtained to determine the electric con-
ductivity (EC). A Horiba ES-12 conductivity meter 
was used to determine the EC of the soil suspension 
with temperature compensation to 25 degrees C. Af-
ter centrifugation of the soil suspension and ﬁ ltration, 
transparent water extracts were obtained. The pre-
cipitates were extracted twice with 1 M ammonium 
acetate (AcONH
4
) to determine the exchangeable 
cations (Thomas, 1982). The amounts of entrapped 
solution after removal of the supernatant solution 
were calculated by subtracting the dry weight of the 
centrifuge tube and soil sample from the total weight 
before the addition of 1M AcONH
4
. The concentra-
tions of Na, K, Mg and Ca in the water extracts and 
the 1M AcONH
4
 extracts were determined using a 
Hitachi A-2000 atomic absorption spectrophotometer. 
Using air-dried ﬁ ne-earth fraction, the plant-available 
phosphorus (P) was determined by the Truog method 
(Truog, 1930). The pH(H
2
O) values were determined 
at soil: water = 1:2.5 using the Horiba glass electrode.
From the air-dried fine earth fraction, the fraction 
of less than 0.05 mm (<0.05 mm) was separated from 
the 0-2 cm (tsunami deposit) and 9-13 cm (the lower 
plow layer soil) samples to determine the presence 
of evaporites. Using the air-dried samples, X-ray 
diffractograms were obtained by a Rigaku Miniflex 
(CuKα, 40kV, 15mA). For further examination of 
the evaporites, the surfaces of the mineral particles 
were observed using a scanning electron microscope 
(SEM, Hitachi SU8000) operated at 15 kV and en-
ergy dispersive X-ray analysis (EDX, EDAX Apollo 
10). The mineral particles were fixed on a sample 
stage using a piece of double-sided sticky tape and 
then coated by evaporated carbon.
Survey over a wide area in Miyagi Prefecture 
(May 11th – 19th, 2011)
One to three ﬁ elds of farmlands were selected from 
each 1 km2 mesh in the tsunami-affected areas of the 
Miyagi Prefecture, Japan. Two micro pedons to the 
depth of about 30 cm were sampled in each ﬁ eld. Re-
garding the tsunami deposit, a mud layer and a sand 
layer (more than one set at a few sites) were separated 
if the thickness was 1 cm or more. The original soil 
layers were collected at the depth of 0 – 10 and 10 – 
Nanzyo
Fig. 1. Soil proﬁ le of micro pedon (i) and tsunami-affected paddy ﬁ eld (ii).
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20 cm from the boundary between the tsunami depos-
it and the soil layer. Each corresponding layer from 
two micro pedons in one ﬁ eld was mixed to make a 
composite sample for the field. Regarding the mud 
and sand layers, the thickness of each layer, the EC 
values of soil:water = 1:5 suspension and pH(H
2
O
2
) 
values were obtained. To determine the pH(H
2
O
2
) 
values, the ﬁ eld moist soil equivalent to 2 g of oven-
dried weight was treated with 20 mL of H
2
O
2
 solution 
in a hot water bath. After ﬁ nishing vigorous bubbling, 
the pH value was measured at the soil: solution ratio 
= 1:10.
Results and discussion
One point survey on March 25th, 2011
Morphological properties
Fig. 1-i and Fig. 1-ii show the soil proﬁ le and the 
study site of the micro pedon, respectively. The study 
site was located 800 m from the seashore, and at the 
far end there were trees planted to protect against 
the tide. The sampling date was two weeks after the 
tsunami and there were puddles on the soil surface 
showing poor drainage of this site. Rice stubbles 
were present and the position of the Ap horizon soil 
was identified although the upper part of the rice 
roots was exposed suggesting that a few cm of the 
Ap horizon soil was carried away by the tsunami. In 
place of the lost thin soil, there were very thin (2 to 
3 mm) mud on the top and a thin (2 cm) sand deposit 
below the very thin mud. The 2 – 4 cm layer was 
not sampled to avoid collapsing the loose tsunami 
deposit layer and mixing with the original soil. The 
Ap horizon was divided into two parts to examine the 
depth of the salt intrusion. No evident cracks were 
found in the soil proﬁ le. The plow sole having a ﬁ rm 
consistency showed a readily positive reaction to the 
α, α’-dipyridyl testing solution showing the presence 
of ferrous iron. Thus, the downward movement of air 
and water is very slow suggesting that the seawater 
only slightly reached the deep horizons at this time.
Properties of the soil regarding the impact of the tsu-
nami
The salt concentration was much higher in the 1:5 
water extract of the tsunami deposit than those for 
the underlying horizons (Table 2). However, the im-
pacts of the tsunami only slihgtly reached the deep 
horizons at this time (Table 2) as suggested from the 
morphological properties of the micro pedon. Such 
properties are shown in the vertical distribution of 
the EC(1:5) values and cation concentrations in the 
1:5 water extract of the soil. The EC(1:5) values, and 
Na, K and Mg concentrations in the 1:5 water extract 
significantly decreased in the original soil horizons 
from the depth of 4 cm or deeper. The decreases in 
the EC(1:5) values and cation concentrations from 
the depth of 4 cm to that of 25 cm was rather gradual 
suggesting the weak intrusion of seawater.
The concentrations of the cations in the liquid 
phase of the tsunami deposit (0-2 cm) were not very 
different from that of the seawater. The concentra-
tions of the major cations and the EC value of the 
mean seawater is shown in the bottom of Table 2 for 
reference (Stumm and Morgan, 1996). The ratios of 
the Na, K, Ca and Mg concentrations and the EC(1:5) 
value in the 1:5 water extract of the tsunami deposit 
are 0.091, 0.12, 0.16, 0.076, and 0.13, respectively. 
These values are around 0.104 that is the ratio of the 
weight of water in the ﬁ eld-moist tsunami deposit to 
the 1:5 water extract because the water content (the 
Depth EC(1:5) Na K Ca Mg (Notes)
cm dS m-1  ------------ mg L-1 -----------
0-2 5.7 1000 46 67 99 Tsunami deposit, sand, loose. Overlain by very thin mud.
4-9* 0.67 100 3.5 28 6.5 Upper Ap horizon, sandy loam, many rice roots.
9-13 0.20 22 1.2 10 2.4 Lower Ap horizon, sandy loam, many rice roots.
13-17 0.094 7.8 0.90 6.6 1.5 Plow sole, dark olive gray, loamy sand, ﬁ rm.
17-25 0.042 4.6 0.65 3.4 0.95 Subsoil, sandy loam.
Sea water 43 11000 400 410 1300 Average values for reference.
* The 2 – 4 cm layer was not sampled.
Table 2.  EC and cation concentrations in 1:5 water extract of soils.
6ratio of weight of water / weight of oven-dry soil) of 
the tsunami deposit and the 1:5 water extract are 0.52 
(Table 3) and 5, respectively, and the value of 0.104 
is obtained by 0.52/5. In general, the EC value of a 
diluted electrolyte is slightly higher than that calcu-
lated from the dilution factor.
The ratio of the Ca concentration in the 1:5 water 
extract of the tsunami deposit to that in the mean 
seawater is higher than the other cations calculated 
above. It is probable that Ca was partly released from 
the farmland soils through an exchange reaction with 
Na from the tsunami including the backwash process.
The impacts of the tsunami were also found in the 
exchangeable cations of the tsunami deposit (0-2 
cm) and the original soil to a lesser extent (Table 3). 
These are the high values for the exchangeable Na, K 
and Mg and a low value for the exchangeable Ca in 
the tsunami deposit. An increase in the exchangeable 
Na and a decrease in the exchangeable Ca were found 
in the upper Ap horizon soil (4-9 cm). The ratio of 
charge calculated as Na/Σcation is 0.14 or less for this 
micro pedon. This charge ratio is slightly less than the 
exchangeable sodium percentage (ESP) calculated 
using the cation exchange capacity for the denomina-
tor. The ratios (Table 3) are less than the ESP value of 
0.15 or more where physical soil degradation such as 
clay dispersion when wet, crust formation when dry, 
etc., becomes evident (Levy, 2000).
Agus et al. (2011) reported that the content of the 
plant-available phosphorus was abundant in the de-
posit from the Indian Ocean Tsunami in Ache, Indo-
nesia. The Truog P value of the tsunami deposit (0-2 
cm) was about one-half that of the Ap horizon soils 
(Table 3). However, this value is not very low consid-
ering that this tsunami deposit is sand-rich as will be 
discussed below.
Evaporites and other minerals in the tsunami deposit
The presence of halite (NaCl) was evident in the 
XRD pattern (Fig. 2i) of the <0.05 mm fraction from 
Depth pH(H2O)
Water
content
1M ammonium acetate-extractable Na
ratio* Truog extraction Na K Ca Mg
cm --------  cmol(+) kg-1--------  mgP2O5 kg
-1
0-2 6.8 0.52 0.7 0.4 1.9 1.9 0.14 140 
4-9 4.9 0.40 0.5 0.1 3.2 0.8 0.10 350 
9-13 5.4 0.36 0.3 0.1 3.7 0.9 0.06 290 
13-17 5.7 0.28 0.2 0.1 4.0 0.9 0.04 240 
17-25 7.1 0.27 0.2 0.2 5.2 1.4 0.04 200 
* The ratio of charge calculated as Na/Σcation.
Table 3.  Selected properties of soil.
Fig. 2. X-ray diffactograms of the 0.05 mm or less fraction of the tsunami deposit (0-2 cm) (i) and that of the 
lower Ap horizon (9-13 cm) (ii). Q: quartz, C: cristobalite, F: feldspar, H: halite, and A: amphible.
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fraction was 2% on an air-dry basis. Although signiﬁ -
cant XRD peaks from the halite were also detected in 
the >0.05 mm fraction (98%) after grinding, the in-
tensity of the peaks were weak. The other major XRD 
peaks were from quartz, feldspar and cristobalite. 
For comparison, the XRD pattern of the <0.05 mm 
fraction (14% on an air-dry basis) of the lower Ap 
horizon (9 – 13 cm) is shown in Fig. 2ii. The XRD 
peaks from halite were not evident while those from 
quartz, feldspar, cristobalite and also amphibole were 
present.
SEM observation of mineral surfaces
From the coarse sand particles of the tsunami de-
posit, quartz, feldspar and mica particles were ob-
served using SEM and EDX. The presence of evapo-
rites appeared more on mica particles than on the 
quartz and feldspar particles. An example of the mica 
surface is shown in Fig. 3.
Halite crystals tended to be present on the near-
edge site of the mica particles (Fig. 3). Although the 
cubic shape is not very strong, halite crystals are evi-
dent from the element maps for Na and Cl (Fig. 3-ii 
and -iii) and the selected area analysis of Fig. 3-i-a 
and Fig. 3-iv-a.
On the surface of the mica particle, a gypsum parti-
cle was also found (Fig. 3-i-b, Fig. 3-iv-b). Although 
gypsum was not evident in the XRD pattern, the 
concentration of water-soluble Ca was relatively high 
in the 1:5 water extract of the tsunami deposit (Table 
2). The SO
4
 concentration in the average seawater is 
2.71 g L-1 (28.2 mmol L-1, Stumm and Morgan, 1996) 
and it can be postulated to be same in the ﬁ eld-moist 
tsunami deposit. On the other hand, the Ca concentra-
tion in the liquid phase of the ﬁ eld-moist tsunami de-
posit was calculated to be 0.64 g L-1 from Table 2. As 
dissolution of gypsum in water is 0.2 % at 25 degrees 
C, gypsum can precipitate in the ﬁ eld-moist tsunami 
deposit.
An apatite particle was found as an inclusion in 
the mica particle (Figs. 3-i-c, iv-c). The origin of this 
apatite appears to be the same as in the mica particle, 
possibly from an igneous origin. The Truog P value 
of the tsunami deposit was relatively high (Table 3) 
considering its sand-rich texture. As apatite is soluble 
in the Truog extracting solution (Nanzyo et al., 1997), 
apatite may be one of the reasons for the relatively 
high Truog P value.
The mica particle shown in Fig. 3-i appears to be 
the tri-octahedral type based on the EDX spectrum 
(Fig. 3-iv-d) that is rich in Mg and Fe. The K content 
appears low suggesting partial weathering.
Survey over a wide area in Miyagi Prefecture 
(May 11th – 19th, 2011)
This survey contributed to evaluating the total dam-
ages to the farmland soils of the Miyagi Prefecture by 
viaN lCi d
a
S
aC
a
b
b
P Ca
c
c
gM
lA
iS
ii iii
dK eF
aN lC
Fig. 3. SEM image of a mica particle found in the tsunami deposit (0-2 cm) (i), element maps for Na (ii) anad Cl 
(iii), and selected area (a, b, c and d in Fig. 3-i) analyses by EDX (iv).
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8the tsunami. The intensity of the damage was differ-
ent from place to place. Removal of the Ap horizon 
soil, especially from the tilled farmlands, was more 
serious in the coastal area. If a paddy ﬁ eld is untilled 
like the example described above, severe water ero-
sion was limited to the narrow area next to the micro-
high places like roads or ridges. Various amounts of 
mud and/or sand were transported by the tsunami and 
deposited on the farmlands.
The properties of the tsunami deposit were an-
nounced by the researchers of the Miyagi Prefecture 
on July 21st, 2011. A part of the announcement is 
cited in Table 4.
The frequency of the mud or sand layer having a 
thickness of 1 cm or more is not different between 
the northern and southern parts of the prefecture. The 
frequency of the low pH(H
2
O
2
) value of 3 or less ap-
pears higher in the southern part of the prefecture 
than in the northern part. Furthermore, the frequency 
of the low pH(H
2
O
2
) value of 3 or less is higher in the 
mud layer than in the sand layer. The low pH(H
2
O
2
) 
value suggests a significant amount of sulfidic ma-
terials that may originate from the sediments under 
anoxic conditions. The EC(1:5) values of the mud 
layers tended to be higher than those of the sand lay-
ers. Harmful elements were not problematic in the 
tsunami deposit except only one site.
Other additional data such as the concentrations of 
Table 4.  Properties of Tsunami deposits in Miyagi Prefecture.
the total-carbon, -nitrogen and -sulfur, water-soluble 
ions, and exchangeable cations will be reported else-
where (Shima et al., 2012). It is probable that the 
reactions between the seawater and farmland soils 
widely took place.
Summary of overall impacts of the tsunami on 
farmlands
There are several types of interactions between the 
tsunami and the farmlands other than only scattering 
debris. They are erosion at the ?, ?, ? sites and 
deposition on the farmlands (?, ?) as physical 
interactions, and also, ion exchange and precipitation 
reactions (?, ?, Fig. 4) as chemical interactions. If 
there was a muddy (sometimes contains sulﬁ des) and/
or sandy deposit under the shallow seawater or in the 
nearshore zone including the Teizan canal (?), they 
might be transported to the farmlands and deposited 
(?, ?). There are also small eroded sites at the ? 
and ? sites where the tsunami dropped from the 
micro-high sites like roads or ridges. Moreover, the 
A
p
 horizon soil after tilling was at least partly lost. 
Thus, the deposits on the farmlands also contain the 
eroded A
p
 horizon soil. The chemical reactions of ? 
and ? include the exchange reaction between Na+ in 
the seawater and exchangeable Ca2+ in the A
p
 horizon 
soil, and precipitation of CaSO
4
·2H
2
O as well as 
NaCl when the soils dry. 
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9Rehabiliation of damaged farmlands
The most important countermeasures are to remove 
the debris of destroyed houses, fallen trees, etc., and 
halite. Procedures to remove halite from the farmland 
soils are provided by the Ministry of Agriculture, 
Fishery and Forestry, Japan (June, 2011). They are 
expected to be successful. There are many other 
studies related to salt-affected farmlands by flood 
tide or tsunami and rehabilitation (Nakada, 2011; 
Nakaya et al., 2010; Agus and Tinning, 2008; Kida, 
et al., 2007a, b; Kumamoto Prefectural Agricultural 
Research Center, 2001). A drainage system includ-
ing underground drainage plays an important role in 
removing the halite. Japan has a humid climate and a 
drainage system and rainwater may be sufﬁ cient for 
well-drained soils if they can have enough time. The 
ground has sunk by several tens of centimeters along 
the coastal areas due to the earthquake. For these 
areas, dikes, drainage and pumping system should 
be restored as soon as possible. The use of enough ir-
rigation water will quicken the removal of the halite.
Acknowledgements 
This work was supported by the Implementation-
Support Program of the Japan Science and Technolo-
gy Agency, Asahi Industries Co., Ltd., and The Naito 
Foundation. The author thanks Sendai City, Miyagi 
Prefecture, Drs. T. Ito, T. Takahashi, and H. Kanno of 
Tohoku University for collaboration in the soil sur-
vey, sampling and other assistances.
References
Agus, F., A. Rachman, Wahynto, S. Ritung, M. 
P
Fig. 4. Schematic diagram of interactions between Tsunami and farmlands.
Mcloid and P. Slavich (2011) The dynamics of tsu-
nami affected soil properties in Aceh, Indonesia, 
9th International Symposium on Integrated Field 
Science “Soil and Environment”, September 3rd, 
2011, Kawauchi-Kita Campus, Tohoku University, 
Sendai, Japan. Abstracts, p.5.
Agus, F. and G. Tinning (2008) International Work-
shop on Post Tsunami Soil Management, Proceed-
ings ‘Lessons learned for agriculture and envi-
ronmental restoration in the aftermath of the 2004 
tsunami, Bogor, Indonesia, 1-2 July 2008, 177pp.
Kida, Y., S. Sato and N. Sato (2007a) Investigation 
of salt damage by storm surges in rice at Minami-
Soma of Fukushima Prefecture 1. Change of soil 
salinity after storm surges. Tohoku Agric. Res. 60: 
33-34.
Kida, Y., S. Sasaki and S. Sato (2007b) Effects of soil 
salinity on rooting of rice seedling, Tohoku Agric. 
Res., 60: 35-36.
Kumamoto Prefectural Agricultural Research Center 
(2001) Countermeasures to salt damage by 1999 
18th Typhoon,  p.81.
Levy, G. J. (2000) Sodicity. In: Ed-in-Chief, M.E. 
Sumner, Handbook of Siol Science, CRC Press, 
Boca Raton, pp.G-27-63.
Minoura, K., F. Imamura, D. Sugawara, Y. Kono and 
T. Iwashita (2001) The 869 Jogan tsunami deposit 
and recurrence interval of large-scale tsunami on 
the Paciﬁ c coast of northeast Japan, J. Natural Di-
saster Sci., 23: 83-88.
Nakada, H. (2011) The actual retention conditions of 
salts in paddy ﬁ eld soil subjected to seawater ﬂ ood 
damage and a modeling analysis of water-washing 
salt-removal countermeasures, Bull. Agru. Res. 
Impacts of Tsunami (March 11, 2011) on Paddy Field Soils in Miyagi Prefecture, Japan
10
Inst. Toyama Pref. Agr. For .Fish. Res. Ctr. No.2, 
27-37.
Nakaya, T., H. Tanji, H. Kiri and H. Hamada (2010) 
Developing a salt-removal plan to remedy Tsu-
nami-caused salinity damage to farmlands: Case 
study for an area in Southern Thailand, JARQ, 44: 
159-165.
Nanzyo, M., T. Takahashi, A. Sato, S. Shoji and I. 
Yamada (1997) Dilute acid-soluble phosphorus 
in fresh air-borne tephras and ﬁ xation with an in-
crease in active aluminum and iron. Soil Sci. Plant 
Nutr., 43(4): 839-848. 
Sawai, Y., Y. Okamura, M. Shishikura, T. Matsuura, 
T. T. Aung, J. Komatsubara and Y. Fujii (2006) 
Chishitsu News, No.624, 36-41.
Shima, H., K. Onodera, Y. Kanazawa, K. Satoh, H. 
Onodera, T. Abe, A. Wakashima, E. Inao, K. Mori-
ya, C. Konno, K. Kamiyama, T. Itoh and H. Kanno 
(2011) Chemical property of the Tsunami sediment 
(the 1st report). Bulletin of Miyagi Prefectrual Fu-
rukawa Agricultural Experimental Station, 10 (in 
print).
Stumm, W. and J. J. Morgan (1996) Aquatic Chem-
istry – Chemical Equilibria and Rates in Natrual 
Waters, 3rd Ed., Wiley-Interscience, N.Y., p.899.
Sugawara, D., K. Goto, C. Chague-Goff, S. Fujino, 
J. Goff, B. Jaffe, Y. Nishimura, B. Rchimond, W. 
Szczucinski, D. R. Tappin, R. Witter and E. Yu-
liano (2011) Initial ﬁ eld survey report of the 2011 
East Japan Tsunami in Sendai, Natori and Iwanu-
ma Cities, p.16.
Thomas, G.W. (1982) Exchangeable cations, In: 
Ed. Page, A.L., Methods of Soil Analysis, Part 2, 
Chemical and Microbiological Properties, 2nd Ed., 
ASA-SSSA, Madison, Wisconsin USA, p.159-165.
Truog, E. (1930) The determination of the readily 
available phosphorus of soils, J. Am. Soc. Agron., 
22: 874-882.
Nanzyo
